Many biopolymers are important reserve compounds that are stored in the cytoplasm as insoluble inclusions (14) . The best-studied storage compounds in bacteria are polyhydroxyalkanoates (PHAs), and poly(3-hydroxybutyrate) (PHB) is the most prominent example. In most bacteria accumulation of PHAs occurs if an excess amount of a carbon source is present and if growth is concomitantly limited by the lack of another essential nutrient, like nitrogen, phosphorus, oxygen, or something else (45, 49) . Therefore, PHAs serve as storage compounds for energy and carbon under starvation conditions. PHA synthesis results in the formation of multiple cytoplasmic inclusions that are generally 200 to 500 nm in diameter in the final accumulation phase (1) . The first investigations of PHB granules in bacteria were performed by Williamson and Wilkinson (57) and by Griebel et al. (8) . Isolated PHB granules contain approximately 97.5% PHA, 2% protein, and 0.5% phospholipids (8) , although some estimates of the lipid contents have been considerably higher (50) .
Phasins are small amphiphilic proteins which are localized at the surface of PHB granules and are synthesized by PHBaccumulating bacterium under conditions permissive for PHB synthesis (41, 42) . The gram-negative bacterium Ralstonia eutropha is used as a model organism to study all aspects of PHB metabolism and has four different phasin proteins (39, 36) . PhaP1 Reu is the major phasin, and the cells produce large amounts of this protein. Expression of PhaP1 Reu is strictly regulated by PhaR Reu at the transcription level (38) . The phasins sensu stricto, which includes PhaP1 Reu , stabilize the dispersion of the hydrophobic PHB granules in the cytoplasm on the one hand and prevent the nonspecific binding of other proteins to the surface of the PHB granules on the other hand. The cells of PhaP1 Reu -negative mutants of R. eutropha have only a single large PHB granule, whereas the wild type has several medium-size granules (56) . It was previously shown that lysozyme of Gallus gallus binds to PHB granules during isolation of the granules from cells of Allochromatium vinosum (23) . It was also shown that the ␤-lactamase (24) and heat shock protein HspA (51) bind to PHB granules in recombinant strains of Escherichia coli accumulating PHB. Binding of the latter protein is suppressed in E. coli if the PHB biosynthesis enzymes are coexpressed together with PhaP1 Reu . Besides PhaP1 Reu , minor amounts of three additional phasin proteins (PhaP2 Reu , PhaP3 Reu , and PhaP4 Reu ) occur in R. eutropha. Due to the small amounts, it is unlikely that these minor phasins have the same functions as PhaP1 Reu ; however, their physiological or structural functions are not known yet.
Therefore, phasins sensu stricto are interesting structural proteins with unique properties and possibly structures. Since they may also be used for various biotechnological applications, it is necessary to understand the binding of the phasins to PHB granules. In the 14-kDa phasin of the gram-positive organism Rhodococcus ruber (34) two short stretches comprising about 8 hydrophobic amino acids were identified close to the C-terminal region. If one or both stretches were removed from this protein, the truncated phasin was no longer capable of binding to the granules and occurred in the cytoplasm (35) . If, on the other hand, the short region of this phasin comprising the two hydrophobic stretches was fused with an acetaldehyde dehydrogenase of R. eutropha, the fusion protein bound in vivo as well as in vitro to PHB granules (35) . This was the first demonstration that phasins can be used as anchors for binding of other proteins to the surface of PHB granules. This was later confirmed and also demonstrated for other fusion proteins with PhaP1 Reu (3, 2) and also with the PHA granule-associated protein PhaF Ppu of Pseudomonas putida (26) in other laboratories. Furthermore, it was recently shown that other proteins involved in PHA metabolism, like a fusion of the substrate-binding domain of a PHA depolymerase (22, 30) or of PHA synthases (32, 33) , can be used to immobilize other proteins with PHA. Similarly, PhaP1 Reu fused to other proteins also binds intracellularly to triacylglycerol inclusions in oleogenous actinomycetes (12) like eukaryotic lipid body proteins bind to these hydrophobic inclusions (13) .
The aims of this study were to identify the region in PhaP1 Reu of R. eutropha which mediates binding of this phasin to PHB granules and to obtain some information about the structure of PhaP1, thereby also contributing to our understanding of phasins.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are shown in Table 1 .
Media and cultivation of cells. Cells of R. eutropha were grown at 30°C in mineral salts medium supplemented with 1.0% (wt/vol) sodium gluconate (46) . Solid media contained 1.5% (wt/vol) purified agar. Cells of E. coli were cultivated at 37°C in Luria-Bertani medium (44) .
Isolation of PHB granules. For isolation of PHB granules a modification of the method of Wieczorek et al. (56) was used. Cells of an R. eutropha ⌬phaP1 mutant were grown in mineral salts medium under storage conditions. The cells were cultivated for 72 h, harvested by centrifugation (20 min, 6,000 ϫ g, 4°C), washed and resuspended in Tris-HCl buffer (10 mM, pH 7.0), and disrupted by a three passages through a French press (100 ϫ 10 6 Pa). The disrupted cells were layered on top of a discontinuous glycerol gradient consisting of 5 ml of (vol/vol) glycerol 90% and 5 ml of 60% (vol/vol) glycerol. After ultracentrifugation (60 min, 100,000 ϫ g, 4°C) the PHB granules formed a layer between the two phases and could be separated. The isolated granules were washed three times with Tris-HCl buffer (10 mM, pH 7.0) and stored at Ϫ20°C. Purification of PhaP1 Reu . PhaP1 Reu was purified from PHB granules isolated from R. eutropha cells by detergent treatment as described previously (56 (21) . Proteins were stained with Coomassie brilliant blue R-250 (54) . Immunological detection of enhanced green fluorescent protein (EGFP) fusion proteins blotted from the SDS-polyacrylamide gel onto polyvinylidene difluoride-nitrocellulose membranes was performed exactly as described by Towbin et al. (53) , using polyclonal EGFP antibodies (BD Biosciences).
Molecular weight determination by gel filtration. A Superdex 200 HP column (XK 26/60; GE Healthcare) was equilibrated with 50 ml of 100 mM potassium phosphate buffer (pH 7.0). Purified protein and calibration proteins (1.0 mg each) were applied to the column and eluted at a flow rate of 0.5 ml/min. Relative molecular masses were calculated from semilogarithmic plots of the molecular masses of calibration proteins versus elution volume. Isolation, amplification, and manipulation of DNA. Chromosomal DNA of R. eutropha H16 was isolated by the method of Marmur (25) . Plasmid DNA was isolated by the method of Birnboim and Doly (5) . DNA restriction fragments were purified with a Perfectprep gel cleanup kit, as described by the manufacturer (Eppendorf). Restriction enzymes, ligases, and other enzymes used for DNA manipulation were used according to the manufacturers' instructions.
All PCR amplifications were carried out as described by Sambrook et al. (44), employing Pfx DNA polymerase (Invitrogen) and an Omnigene HBTR3CM DNA thermal cycler (Hybaid). All oligonucleotides which were used as primers for PCR amplification or other purposes are shown in Table 2 .
Construction of hybrid plasmids encoding fusions of the egfp gene with the phaP1 gene or parts of the phaP1 gene. The phaP1 Reu -egfp fusion fragment was amplified by PCR using plasmid pJAM2::phaP1-egfp (12) as the template and oligonucleotides PhaP1_N_XhoI and EGFP_C_HindIII (Table 2) as the primers. The resulting PCR product (1.3 kbp) was restricted with XhoI and HindIII and cloned into vector pBBR1MCS-2, which was treated with the same restriction endonucleases, yielding hybrid plasmid pBBR1MCS-2::phaP1 Reu -egfp. The egfp-phaP1 Reu fusion was obtained by amplification of both fragments. The egfpfragment (0.8 kbp) was amplified from plasmid pEGFP-N3 by performing PCR using oligonucleotides EGFP_N_MCS(SalI) and EGFP_C_EcoRI. The phaP1 Reu fragment (0.6 kbp) was amplified with oligonucleotides PhaP(Re)_N_EcoRI and PhaP(Re)_C_HindIII from genomic DNA of R. eutropha H16. The PCR products obtained were then digested with EcoRI and ligated. The ligation product was then amplified by PCR using oligonucleotides EGFP_N_MCS(SalI) and PhaP(Re)_C_HindIII. The resulting fusion product (1.4 kbp) was restricted with SalI and HindIII and cloned into the vector pBBR1MCS-2, yielding hybrid plasmid pBBR1MCS-2::egfp-phaP1 Reu .
For control experiments the genes encoding EGFP and PhaP1 Reu were cloned using the same vector, which yielded plasmids pBBR1MCS-2::egfp and pBBR1MCS-2::phaP1 Reu . The phaP1 Reu gene was amplified from genomic DNA of R. eutropha H16 using oligonucleotides PhaP1_N_XhoI and PhaP1(Re)_C_HindIII ( Table 2 ). The resulting fragment (0.6 kbp) was digested with XhoI und HindIII and cloned into plasmid pBBR1MCS-2, which was restricted with the same enzymes. The egfp fragment was obtained by performing PCR with pEGFP-N3 as the template and oligonucleotides EGFP_N_MCS(SalI) and EGFP_C_HindIII. The PCR product (0.8 kbp) was restricted with SalI and HindIII and ligated to SalI-and HindIII-digested pBBR1MCS-2 DNA, yielding pBBR1MCS-2::egfp. were constructed by PCR amplification employing the oligonucleotides shown in Table 2 for both fragments and the fusion product as described above for the egfp-phaP1 Reu fusion.
DNA sequencing. DNA sequencing was performed by using a SequiTherm EXCEL TM II long read cycle sequencing kit (Epicenter Technologies), IRD800-labeled oligonucleotides (MWG-Biotech), and a Li-Cor 4000L (Li-Cor Biosciences) automated sequencer (MWG-Biotech).
Transfer of DNA. Competent cells of E. coli were prepared and transformed by using the CaCl 2 procedure described by Hanahan (11) . Transfer of DNA to R. eutropha strains by conjugation was performed by spot agar mating as described by Friedrich et al. (7) using E. coli S17-1 harboring the desired plasmid as the donor.
Theory of SAXS analyses. The small-angle X-ray scattering technique (SAXS) is a powerful tool able to detect the shape and conformational and aggregational states of proteins in solution for a broad range of conditions and sizes. In a SAXS experiment, a protein solution is exposed to a focused X-ray beam, and the scattered intensity is collected as a function of the scattering angle. The theoretical background, basic equations, and methods used for SAXS data analysis have been fully described previously (10, 15, 16, 18, 28, 31, 37, 48, 54) .
SAXS analyses. SAXS experiments were performed using a conventional laboratory X-ray Kratky camera. The wavelength of the X-rays was 1.54 Å, and the sample-to-detector distance was 1.5 m. The scattering vector range was 0.022 to 0.2 Å Ϫ1 . A PhaP1 Reu sample at a concentration of 6 mg/ml in 10 mM Tris-HCl buffer (pH 7.0) was analyzed using 1.5-mm glass capillaries. The experimental intensity was corrected for background, buffer contribution, detector inhomogeneities, and sample transmission.
Secondary structure predictions for proteins. For PhaP1 Reu , phasin homologues, and the substrate-binding domain of the Pseudomonas stutzeri PHB depolymerase, predictions were made as described by Deleage et al. (6; http: //npsa-pbil.ibcp.fr). For predictions of the secondary structure of PhaP1 Reu the following algorithms were used: MLRC (9), DSC (17) , and PHD (43) .
Microscopic analysis of cells containing EGFP fusion proteins. For microscopic localization of EGFP and of EGFP fusion proteins, an Olympus BX51 microscope (Olympus Europe) was used. The fluorescence of the EGFP used could be excited at a wavelength of 488 nm and detected at 507 nm (data for plasmid pEGFP-N3 according to the manufacturer [BD Biosciences]) using a U-MNIBA3 filter combination (excitation wavelength, 470 to 495 nm; emission wavelength, 510 to 550 nm).
RESULTS
Comparison of primary structures of phasins and secondary structure predictions. Sequence and hydrophobicity plot analysis of the four PhaP1 Reu phasin homologues in R. eutropha H16 revealed a high degree of similarity and several highly conserved amino acids in PhaP1 Reu , PhaP2 Reu , PhaP3 Reu , and PhaP4 Reu (Fig. 1A) . In contrast, comparison of the primary structures of R. eutropha PhaP1 Reu , P. putida PhaF Ppu , and R. ruber GA14 Rru revealed only a few highly conserved amino acids in these proteins (data not shown). Therefore, in general, there is not a conserved sequence motif representing a "PHB granule-binding box" in phasins. Binding could be caused by short stretches of hydrophobic proteins, as such stretches were identified in GA14 Rru of R. ruber (35) . Hydrophobicity plots obtained for the four R. eutropha phasins (Fig. 1B) , for PhaP1 Reu , PhaF Ppu from P. putida, and GA14 Rru from R. ruber (Fig. 1C) , and for PhaP1 Reu , lysozyme from G. gallus, and ␤-lactamase from E. coli (Fig. 1D ) did not reveal conserved hydrophobic regions like those that occur, for example, in membrane proteins; in addition, motifs representing minima and maxima occur in different regions of these proteins. PhaF Ppu exhibits a hydrophilic minimum at amino acid positions 50 to 60, and the entire sequence is more hydrophilic than the sequences of PhaP1 Reu and GA14 Rru . GA14 Rru is less hydrophobic than PhaP1 Reu . The binding of phasins to PHB granules could be caused not only by a discrete motif in the primary structure but also by the secondary, tertiary, or quaternary structure of the protein. Therefore, we performed a secondary structure prediction analysis for various phasins as described by Deleage et al. (6; http://npsa-pbil.ibcp.fr) and in Materials and Methods. We obtained very similar predictions for the phasins sensu stricto, such as the four phasins occurring in R. eutropha H16, PhaP1 of Ralstonia solanacearum, and Ralstonia metallidurans. These phasins share a very high fraction (about 90%) of ␣-helical structure that could be a characteristic feature of the proteins. Interestingly, the putative PHB-binding domain in the C-terminal region of the regulator PhaR Reu is also ␣-helical, in contrast to the N-terminal putative DNA-binding domain of this protein (the Pfam version 18.0 domains are PHB_acc_N [amino acids 10 to 73] and PHB_acc [amino acids 75 to 115]) (4; http://www.sanger.ac.uk/Software/Pfam). On the other hand, the substrate-binding domain of the extracellular PHB depolymerase from P. stutzeri does not have an analogous ␣-helical structure. The PHA-binding motif of this protein and that of the P. putida phasin PhaF Ppu might be different, as shown by Ohura et al. (29) and Moldes et al. (26) .
In vivo binding capacity of EGFP-PhaP1 Reu fusion proteins in E. coli and R. eutropha. Various fusions of phaP1 Reu and egfp were constructed by PCR amplification of different DNA fragments, digestion, ligation, and amplification of the fusion products exactly as described in Materials and Methods.
The capacities of the resulting PhaP1 Reu -EGFP fusion proteins to bind to PHB granules in cells were then investigated by fluorescence microscopy. The expression of all proteins could be analyzed in the absence of PHB using cells of E. coli harboring the different plasmids (Fig. 2, panel 2) . In such cells the fusion proteins showed a diffuse fluorescence that was caused by the homogeneous distribution of the fluorescent proteins inside the entire cytoplasm (Fig. 2 , panels 2A and 2B), like cells harboring the EGFP control (Fig. 2, panel 2C) . The binding capacities of the fusion proteins were visible in R. eutropha ⌬phaP1 and H16 recombinant cells expressing the fusion protein PhaP1 Reu -EGFP or EGFP-PhaP1 Reu (Fig. 2 , panels 3A to 3E). In these cells the fluorescence was restricted to the PHB granules.
In vivo binding capacities of truncated PhaP1
Reu -EGFP fusion proteins in E. coli and R. eutropha. [⌬M] ) of the phasin were constructed by PCR as described in Materials and Methods. A schematic overview of all fusion proteins generated in this study is shown in Fig. 3 . The binding of these fusion proteins to PHB granules was then studied by fluorescence microscopy and compared to the binding of PhaP1 Reu -EGFP and EGFP-PhaP1 Reu to PHB granules. We were especially interested to see whether the binding was mediated by the N-terminal conserved part, the hydrophobic patch, or the alanine-rich C terminus of PhaP1 Reu (Fig. 1 ) and whether one of these regions is responsible for the binding of the whole protein to the PHB granules. The results of the microscopic analyses of the capacities of truncated fusion proteins to bind to PHB granules are shown in In summary, the binding of the whole PhaP1 Reu protein to PHB granules appears to be greater than the binding of any truncated PhaP1 Reu , because the fluorescence of the fusions with complete PhaP1 was completely restricted to the granules, whereas truncated fusions always showed higher levels of cytoplasmic fluorescence.
To check the capacity of fusion proteins to bind to PHB granules and to verify the microscopic images for the other proteins, polyacrylamide gel electrophoresis and Western immunoblotting of crude cell extracts and isolated granules were performed (not shown). In the immunoblots of proteins of the crude cell extracts all expressed fusion proteins should have been detectable. In contrast, only PHB-bound fusion proteins should have been present in the immunoblots prepared for isolated granules. The EGFP-PhaP1 Reu [NϾ85], EGFP-PhaP1 Reu , and PhaP1 Reu [52- 
SAXS analysis of purified PhaP1
Reu . To obtain the first information concerning the quaternary and three-dimensional structure of PhaP1 Reu , the protein was purified from a recombinant strain of E. coli and subjected to SAXS analysis. Experimental SAXS data for PhaP1 are shown in Fig. 5 as a semilogarithmic plot. To assess the particle shape, the SAXS curve was analyzed using the multipole expansion method described in Materials and Methods. The maximum rank was fixed at 4, and the width of the hydration layer at the particle border was fixed at 2 Å. Considering the quality of the data, the final fitting curve, also shown in Fig. 6 , which suggests a trimeric aggregation number. The side length of the triangles and the height were calculated to be 80 Ϯ 3 and 26 Ϯ 1 Å, respectively. Further evidence for the hypothesis that PhaP1 Reu occurs as a homotrimer was obtained by gel filtration of the purified PhaP1, which revealed a molecular mass of 60 Ϯ 5 kDa for purified PhaP1 Reu (data not shown). Further confirmation was obtained from the protein volume, 1.07 ϫ 10 5 Ϯ 0.05 ϫ 10 5 Å 3 ; by assuming that the standard specific volume of proteins is as great as 0.77 cm 3 /g, calculations of the molecular mass gave a value of 74 Ϯ 1 kDa, which is about three times the known molecular mass (24 kDa) of monomeric PhaP1 Reu . The distance distribution function is also shown in Fig. 6 . It was observed that the maximum distance corresponds to a D value of 86 Ϯ 3 Å, a value that, for the effect of the width of the hydration layer, is slightly greater than the side length of the triangle. Finally, we noticed that the 
DISCUSSION
The secondary structure predictions for the phasins sensu stricto showed comparable high proportions (about 90%) of ␣-helical structure. This structure could be a general characteristic of phasins. In this case the whole protein is a binding protein and probably has no additional function. The binding capacity is obviously not determined by a short motif conserved at the level of the primary structure but is probably due to the secondary structure and may also be due to the tertiary or quaternary structure of the protein.
The , gave no clear images or immunoblot results. Because of these binding characteristics, no region of PhaP1 that is obviously responsible for the binding of the fusions could be identified. None of the interesting regions, such as the N-terminal conserved part, the hydrophobic patch, or the alanine-rich C terminus, seem to represent PHB-binding domains, because all of the parts could be found in PHB-binding fusion proteins as well as in nonbinding fusion proteins (Fig. 3) .
If the function of phasins is solely to stabilize the granules (i.e., dispersion of the hydrophobic PHB in the cytoplasm) and to prevent the coalescence of individual granules, like the coalescence that occurs in a phaP1 Reu mutant (56, 40) , it is likely that a certain structure of the whole protein is necessary and that no part can be eliminated without a loss of binding capacity. A high ␣-helix content throughout the whole protein could be a hint for similar structure and thus function of the complete protein. We found that the binding of the whole PhaP1 Reu protein to PHB granules was better than the binding of any truncated PhaP1 Reu protein. The SAXS analyses showed that PhaP1 Reu does not bind to PHB as a monomer but binds as a homotrimer with a triangular and planar structure. This structure seems to be optimal to tightly cover the entire granule. This correlates very well with the results of Banki et al. (2) , who showed that the stability of a phasin trimer bound to PHB granules was better than that of a PhaP1 Reu monomer.
Very recently, the Aeromonas hydrophila phasin PhaP Ahy (13 kDa) was crystallized, and its structure was investigated by using X-ray analysis (59) . The authors found a tetrameric structure for this phasin, which is not homologous to PhaP1 Reu and therefore not a phasin sensu stricto. A tetramer of PhaP Ahy having a molecular mass of about 52 kDa is almost the same size as the PhaP1 Reu trimer (60 kDa). A molecular mass of a PHB-binding unit of about 50 to 60 kDa is probably optimal to provide a layer at the surface of PHB granules.
From the revealed structure and size of the phasin protein, it was calculated that about 6,130 PhaP1 Reu homotrimers or 18,390 individual PhaP1 Reu molecules are necessary to completely cover the entire surface of a PHB granule with a diameter of 250 nm. Assuming that a single cell possesses about 20 such PHB granules in the late accumulation phase and that the average protein content of a single cell is about 0.155 pg (27) , it can be calculated that PhaP1 Reu accounts for about 7.8% of the total cellular protein. This is in good agreement with some previous estimates (50) and observations (56) , although in other studies workers concluded that the phasin covers only 27 to 54% of the granule surface (52) .
Surface coating of nanoparticles is an important part of nanoparticle synthesis. PHB granules are of interest especially for medical applications, as they are biodegradable and nontoxic. PHB forms water-insoluble intracellular inclusions (granules) that are accumulated as carbon and energy storage compounds in a large variety of prokaryotes. For optimized generation of functionalized nanoparticles based on phasin fusion proteins, knowledge about the binding of phasins to the granules should be helpful. It seems to be impossible to recognize a specific binding motif of phasins by in silico analyses. All four phasins of R. eutropha lack a highly conserved domain, but they have homologous hydrophobic regions. In addition, phasins occurring in other PHB-accumulating bacteria, like Azotobacter vinelandii, also do not have highly conserved amino acid residues.
